In the present paper, the effect of milling process on the chemical composition, structure, microhardness, and thermal behavior of Ti-41Ni-9Cu compounds developed by mechanical alloying was evaluated. The structural characteristic of the alloyed powders was evaluated by X-ray diffraction (XRD). The chemical composition homogeneity and the powder morphology and size were studied by scanning electron microscopy coupled with electron dispersive X-ray spectroscopy. Moreover, the Vickers microindentation hardness of the powders milled for different milling times was determined. Finally, the thermal behavior of the as-milled powders was studied by differential scanning calorimetery. According to the results, at the initial stages of milling (typically 0-12 h), the structure consisted of a Ni solid solution and amorphous phase, and by the milling evolution, nanocrystalline martensite (B19 0 ) and austenite (B2) phases were initially formed from the initial materials and then from the amorphous phase. It was found that by the milling development, the composition uniformity is increased, the inter-layer thickness is reduced, and the powders microhardness is initially increased, then reduced, and afterward re-increased. It was also realized that the thermal behavior of the alloyed powders and the structure of heat treated samples is considerably affected by the milling time.
Introduction
Equi-atomic NiTi compounds are widely used in medical [1, 2] and engineering applications [3] [4] [5] [6] , due to their shape memory effect (SME), superelasticity (SE) and biocompatibility [7, 8] . However, these properties are significantly altered by a composition deviation and can be considerably improved by the addition of a third element (such as Cu) to the binary compound. By the partial replacement of Ni with Cu, not only the composition sensitivity of the alloy is reduced [8] [9] [10] , but also the corrosion resistance of the alloy can be improved and the transformation behavior and shape memory characteristics can be affected. For instance, a two-stage transformation (cubic-B2 to orthorhombic-B19 and B19 to monoclinic-B19 0 ) occurs by the addition of 10 at.% Cu, whereas a one-stage transformation (B2-B19) occurs provided that the amount of Cu exceeds 10 at.% [7, 11] . Since the transformation hysteresis of TiNiCu intermetallic compounds is smaller than that of binary NiTi, these compounds are widely used in actuators [5, 12] .
Although TiNiCu compounds are commonly produced by arc melting [13] [14] [15] , several solid-state techniques like mechanical alloying (MA) [16] [17] [18] have been extensively used to synthesize these advanced materials. This is due to the fact that the production of the compounds by the melting process has some difficulties like segregation, unexpected grain growth, contamination from crucibles, and evaporation of the constituents [19] . By using MA as a processing method, not only the aforementioned limitations are avoided, but also the production of supersaturated solid solutions, nanocrystalline materials and amorphous phases [20] is possible. Ease of processing, alloying possibility at ambient temperature, and low processing cost are the additional advantages of MA [20] . However, the possibility of amorphization during MA can be detrimental to the shape recovery, since SME is attributed to the transformation of crystalline phases. Therefore, to show SME, the crystallization of the amorphous phase by a heating cycle is required after MA [21] .
Although reports on the formation and characterization of TiNi intermetallics were available, there are limited reports [16] [17] [18] on the formation of TiNiCu by ball milling. Moreover, the exact mechanisms of alloying and phase transformations during milling and subsequent heat treatments have been not clearly addressed.
In this regard, the present paper focuses on possible phase transformations during the mechano-synthesis and subsequent heat treatment of TiNiCu compounds. Also, the effect of the phase transformations during milling on the hardness and thermal behavior of the samples is studied.
Experimental procedures
High-purity titanium (>99%), nickel (>99.5%) and copper (>99.9%) powders were mixed in an atomic ratio of 50:41:9 (44.56:44.79:10.65 wt.%) and then mechanically alloyed in a planetary ball mill (Sepahan 84 D) with tempered steel vials (90 ml) and balls (5 Â 20 mm and 7 Â 10 mm) under argon. The milling was conducted at room temperature with a milling speed of 450 rpm and a ball-to-powder mass ratio of 20:1 up to 96 h. In the present alloying system, due to ductile nature of the primary materials, an adherent thin coating of the powders is formed on the milling vial and balls. Accordingly, to prevent the excessive wear of the milling medium and to minimize the amount of contaminations, the powders obtained from the 3rd milling duration were used for the analysis.
In order to evaluate the variation of the compound stoichiometry, an X-ray fluorescence analyzer (XRF, Philips PW2400) was used and then the quantitative values were extracted by the PAN analytical software. Also, the amount of Fe and Cr contamination was estimated by using the inductively coupled plasma (ICP) testing. The structural properties of the powders were evaluated by powder X-ray diffraction (XRD, Pananalytical, X'pert Pro MPD) with the Cu Ka 1,2 (k = 0.154 nm) radiation at 40 kV and 40 mA. The XRD data were collected at a step time of 3 s and a step size of 0.03 o in the 2h range of 20-85 o . The qualitative and quantitative analyses were performed by Match (version 2.0.5) and MAUD (version 2.26) software, respectively. In addition, the evolution of the powder morphology and size as well as their chemical homogeneity were studied by a scanning electron microscope (SEM, FEI, Nova Nanosem 430) coupled with energy dispersive X-ray spectroscopy (EDS). Moreover, in order to further understand the alloying mechanism during MA, the powders were compacted to small pellets (4 mm dia.) at 200 Pa pressure, then mounted and prepared for microhardness tests by polishing with some grit sandpapers (1200P and 2000P). Afterwards, Vickers (Hm) microhardness measurements were made on a Suntech microhardness tester using an indentation load of 300 g for a dwell time of 10 s with. Vickers hardness was calculated as the applied load, P (measured in mN), over the surface area of the indentation, as measured by the long diagonal length of the indentation, d (measured in lm) [22] :
Since indentation results are often influenced by unavoidable statistical variations, each individual measurement in the present study is an average of five different measurements.
Finally, the milled powders were analyzed by a differential scanning calorimeter (DSC, 204FI) up to 630°C with an alumina container under a flowing purified helium gas atmosphere at a heating rate of 20°C/min. The heat released in the thermal analysis was taken after subtracting the second heating run from the first run. To verify the DSC results, selected samples were heated up to the predetermined temperatures similar to the heating procedure of DSC and then water quenched. Subsequently, the structure of the samples was evaluated by XRD and the selected area diffraction (SAD) pattern of a transmission electron microscope (TEM, FEI, Tecnai G2 F30).
Results and discussion

Chemical composition analysis
It is well-known that a main challenge in the MA process is the introduction of impurities (particularly iron) to the alloyed powders from the steel grinding medium and the steel container. The magnitude of contamination depends on the time, intensity, and atmosphere of milling, as well as the difference in the strength/hardness of the powders and the milling medium. It has been reported that by the substitution of a considerable amount of Fe (e.g. 2.6 wt.%) for Ni in Ti-Ni alloys, the martensitic transformation start temperature (Ms) is significantly reduced [16] and the pre-martensite phase (R-phase) is created prior to the martensite phase (B19 0 ) formation [23] . Table 1 lists the variation of compound stoichiometry and the quantity of contaminations during the milling process. Concerning the result, it is evident that the expected nominal composition was achieved and the fraction of iron and chromium contaminations is significantly low (e.g. 0.189 wt.% Fe and 0.021 wt.% Cr for 96 h milled powders). Fig. 1 shows the XRD spectra of the as-milled powders as a function of milling time. As can be seen from the patterns, in the initial powders mixture, sharp diffraction peaks related to fcc-Ni, hcp-Ti and fcc-Cu are evident. By the milling initiation, due to the development of nano-sized structure and the introduction of the high level of micro-strain, the sharp peaks are considerably broadened. By further milling, the peaks of the initial materials gradually vanish, where the Cu and Ti peaks disappeared after 6 and 24 h of milling, respectively. The further analysis of the XRD profiles indicates that by increasing the milling time, because of the dissolution of Cu (atomic radius: 1.28 Å) and especially Ti (atomic radius: 1.47 Å) into the Ni (atomic radius: 1.24 Å) lattice and consequently the solid solution formation, the diffraction lines of Ni shift toward lower angles and the lattice parameter of fcc-Ni increases.
Structural characterization
During milling, in order to reduce the internal strain and consequently the free energy of the system, ordered fcc-Ni can be transformed into disordered fcc and the amorphization process can occur [20] . Since the formation of the amorphous phase during MA depends on several factors such as the milling conditions and the alloying system, different amorphization reactions have been proposed [24] . Among them, the one consisting a shift in the peak position and a continuous broadening of the XRD peaks due to a continuous reduction of the effective crystallite size are responsible for amorphization of the present alloying system during MA.
According to the quantitative phase analysis results presented in detail in our previous paper [25] and also listed in Table 2 , the existence of stress-induced martensite (SIM, B19 0 ) and B2 austenite is revealed even at short milling times (12 h), which can be due to severe plastic deformation and temperature rising during the milling cycle, respectively. In the XRD patterns of Fig. 1 , it seems that due to the excessive peak broadening caused by lattice strain increasing, crystallite size decreasing, and amorphous phase extension, it is difficult to discriminate the B2 and B19 peaks from the other crystalline peaks.
Comparing the XRD patterns of 48 and 96 h powders in Fig. 1 , it can be seen that the mechano-crystallization of the amorphous phase to the more stable crystalline B2 and B19 0 phases occurs during this milling interval. It can be attributed to the strain energy and possibly temperature increasing during MA [20] . Fig. 2 shows the SEM images of the TiNiCu alloys during the milling process. It is known that the MA process consists of three main stages: cold welding, fracturing, and steady-state condition [26] . As shown in Fig. 2(a) , due to the high surface energy of the fine particles and consequently the domination of cold welding and agglomeration over fracturing mechanisms, irregular-shaped powders with a wide particles size distribution (14-60 lm) are developed at the early stages of milling (e.g. 6 h). By increasing the milling time, the powder particles are work hardened and due to the accumulation of strain energy [20] , the particle hardness increases; therefore, the tendency of cold-welded powders for fracturing increases and the particles size is significantly reduced. Afterwards, a balance between the cold welding and fracturing rates is achieved and the particles size reaches its steady-state condition [20, 27] , which is associated with the narrow particle size distribution, equiaxed morphology [28] , and saturation in hardness [26] . After sufficient milling times (Fig. 2(c) ), by the occurrence of mechano-crystallization of the amorphous phase, the steady-state condition is altered and the particles tend to re-weld and their size is increased. In order to study the elements distribution in the as-milled powders, EDS elemental mapping was done on selected powders. Fig. 3(a) shows that at short milling times (e.g. 1 h), the elements distribution is non-uniform, in which Cu is not present in the map spectrum. The EDS point spectrum correlated to the Ti-rich section of the map image clearly represents an inhomogeneous elements distribution, thereby indicating an insufficient milling time for alloying. In contrast, at sufficiently high milling times (e.g. 48 h), the elements distribution is entirely uniform and no evidence of composition inhomogeneity is indicated in the EDS elemental mapping of Fig. 3(b) . Fig. 4(a) depicts the average microhardness of the prepared pellets as a function of milling time. As is obvious in the results of the microhardness tests, the hardness is increased by the milling initiation and reaches its maximum value at 48 h of milling. Afterwards, at the 48-72 h interval, the hardness is drastically reduced, and finally re-increased. The increase in the hardness value with increasing the milling time is mainly attributed to the accumulation of strain energy [20] . In this regard, the decrease in the crystallite sizes with increasing the milling duration dominates the increase in the hardness values, except cases where new phases are formed. According to the structural analysis of the powders, at the milling interval of 0-48 h, the amount of the hard amorphous phase increases and then (between 48 h and 72 h) it is mechano-crystallized to the soft martensite phase. Subsequently, at the duration of 72-96 h, the fraction of the hard austenite phase is considerably enhanced. As it is apparent, the variations of the hardness values are compatible with the structural transformations during the milling cycle.
Microstructural evaluation
Microhardness test
By estimating the variation of inter-layer thickness with milling time, the effectiveness of milling on the alloying process can be realized. According to the findings of Benjamin and Volin [26] , the powder hardness varies linearly with milling time. At the early stages of milling (typically 0-12 h), with some assumption, the inter-layer thickness can be calculated from the following equations. The assumptions include (1) the constant energy input rate to the process and (2) the linear dependence of Vickers' hardness with the energy required per unit strain for a constant volume of material. The Vickers' hardness can be approximated by:
where H and t are the Vickers' hardness and milling time, respectively. Therefore
where K, A, and B are constants and L represents the lamellar thickness. In the present alloying system, A and B can be calculated from Table 3 . As it is evident, by increasing the milling time, the average layer thickness severely decreases, and after 24 h of milling, it reaches a very small value, which indicates the completion of the alloying process at this moment, thereby confirming the qualitative and quantitative phase analyses done by XRD.
Thermal behavior
Fig . 5 shows the DSC plot of the as-milled powders in the temperature range of 100-550 o C. As it can be seen, two main exothermic events are detectable in the DSC curves of the samples.
In order to determine the origin of the events, heating cycles were conducted on selected milled powders similar to the heating procedure of DSC, where the samples were heated up to the temperatures well below and above the temperature ranges of the processes and subsequently were water quenched. Fig. 6 depicts the room temperature XRD profiles and HRTEM images with the corresponding SAD patterns of the 96 h milled sample before and after the heating cycles (250°C and 520°C). According to the results, it can be found that the first peak in the DSC curve is correlated to the stress relaxation process, where no significant structural changes are detectable in the HRTEM image as well as XRD and SAD patterns of the sample well below and above of its temperature range. Furthermore, it is evident that the second exothermic event corresponds to the crystallization of the amorphous phase into more stable crystalline phases consisting B19 0 , B2, and Ti(Ni,Cu) 3 phases. The existence of B19 0 in the XRD pattern is attributed to the partial transformation of B2-to-B19 0 during the cooling cycle, since the transformation temperatures are above room temperature.
Regarding the DSC profiles of Fig. 5 , it is obvious that the crystallization temperatures decrease by increasing the milling time. The reason can be explained by the high density of defects generated during milling, which promotes the diffusive processes and facilitates the reordering phenomena [20] . On the other hand, nanocrystals created during milling can act as pre-existing nuclei for crystallization, thereby reducing the crystallization temperature. (Table 3) is evident in the sample milled for 24 h, which can be attributed to the presence of a considerable amount of Tiand Ni-rich regions in the amorphous phase produced during the milling process. However, by the milling evolution (i.e. 48 h and 96 h), due to the homogeneity increase, the quantity of Ti (Ni,Cu) 3 is significantly reduced and the Ti 2 (Ni,Cu) phase entirely diminishes, as shown in Table 4 . It should be mentioned that the crystallization steps during the heating cycle clearly confirm the XRD results of Fig. 7 . A more focus on the crystallization peaks of the DSC profiles of Fig. 5 reveals that in the 24 h milled sample, the crystallization process occurs at three steps containing the Ti(Ni,Cu) 3 , Ti 2 (Ni,Cu), and B2-Ti(Ni,Cu) formation, whereas the two-step crystallization (consisting the Ti(Ni,Cu) 3 and B2-Ti(Ni,Cu) creation) governs in the samples milled for 48 and 96 h. The formation of Ti(Ni,Cu) 3 and Ti 2 (Ni,Cu) phases prior to Ti(Ni,Cu) can be explained by the basis of thermodynamic considerations. It was reported that in binary NiTi alloys [29] , the driving force for the formation of Ni 3 Ti (DH = 140 kJ/mol) is stronger than that of Ti 2 Ni (DH = 83 kJ/mol) and TiNi (DH = 67 kJ/mol). Moreover, the phases indicate the negative Gibbs free energy over a wide temperature range in which the free energy of Ni 3 Ti and Ti 2 Ni is more negative than that of NiTi [30] .
Concerning the aforementioned results, it can be implied that in the present alloying system not only the martensitic transformation start temperature (Ms) is above the room temperature, but also the martensitic transformation occurs at one step without the formation of intermediate R-phase. That is, the deviation of chemical composition from compound stoichiometry is negligible and the value of possible impurities is insignificant, which is in good agreement with the chemical composition results. Moreover, the potential to produce austenite (B2) as well as thermal-and stress-induced martensites (B19 0 ) indicates the compound susceptibility to show SME and SE. It should be noticed that the appropriate shape recovery and superelasticity were found in the prepared samples which will be reported elsewhere.
Conclusions
In the present paper, the effect of milling process on the chemical composition, structure, microhardness, and thermal stability of amorphous/nanocrystalline Ti-41Ni-9Cu compounds developed by mechanical alloying was investigated and the potential to produce B19' (thermal-and stress-induced) and B2 by mechanical alloying and subsequent annealing was established. The important observations are summarized as follows:
(1) The fraction of iron and chromium contaminations is significantly low at all milling times. (2) During milling, the interlayer thickness was reduced and after 24 h of milling the alloying was completed. (3) By milling initiation, the amorphous phase was rapidly formed and after 48 h of milling the mechanical crystallization of the phase to more stable B2 and B19' phase occurred.
(4) During milling, the powders microhardness was initially increased, then reduced, and afterward increased. (5) During milling and subsequent heat treatment, the martensitic transformation occurred without the formation of intermediate pre-martensite phase (R-phase). (6) In the present alloying system, the martensitic transformation start temperature (Ms) is above the room temperature. (7) By increasing the milling time, the crystallization temperature of the amorphous phase decreased. (8) By milling evolution, the thermal crystallization steps of the amorphous phase changed from 3 to 2. (9) By heating the powders milled for 24 h, a considerable amount of Ti 2 (Ni,Cu) was formed in addition to B2 and B19 . Alternatively, for 96 h, Ti 2 (Ni,Cu) was eliminated and the quantity of B19 was increased. 
